A series of experiments have been performed on single-wire Z pinches ͑1-2 kA, 20 kV, pulse length 500 ns; Al, Ag, W, or Cu wire of diameter 7.5-50 m, length 2.5 cm͒. Excimer laser absorption photographs show expansion of metallic plasmas on a time scale of order 100 ns. The edge of this plasma plume begins to develop structures resembling a caterpillar only after the current pulse reaches its peak value. The growth of these caterpillar structures is shown to be consistent with the Rayleigh-Taylor instability of the decelerating plasma plume front at the later stage of the current pulse.
Wire array Z pinches and the Sandia Z-accelerator have produced the most intense x-ray pulses in the world [1] [2] [3] [4] [5] with applications to radiation effects, 1, 3 inertial confinement fusion, 2,4,5 and radiation sciences. These 100-200 terrawatt x-ray pulses are generated in an array of 200-300 wires driven by multi-MJ, multi-MA pulsed power sources, with x-ray energy yields in the MJ range. In these experiments, intense hydromagnetic activities have been observed. These experiments have been interpreted with magnetohydrodynamic simulations and models [6] [7] [8] assumed to be seeded by random density perturbations of unspecified origin.
We have undertaken a modest experimental effort to characterize the gas/plasma of a single-wire Z pinch. The wire, made of Al, Ag, W, or Cu, of diameter ranging from 7.5 to 50 m and length 2.5 cm, is subjected to a voltage and current pulse ͑20 kV, 2 kA͒ with the current rise time of order 200 ns. Optical diagnostics include emission spectroscopy with gated image-intensified CCD and resonant laser absorption. As in other recent work, [9] [10] [11] [12] these experiments are performed at ϳ10 A/wire/ns, relevant to the conditions at early times during the first 50 ns of the current pulse in the MA Z-accelerator ͑ϳ30 A/wire/ns͒. This is during the socalled current prepulse, which sets up initial conditions for the main accelerating current pulse.
Our experiments reveal a puzzling phenomenon. Boundary perturbations resembling a caterpillar are developed at the outer edge of the still-expanding plasma plume ͓cf. Fig.  3͔ . The most unusual aspect of these structures is that they first appear only after the current reaches the peak value, and their growth rate is relatively mild. In virtually all previous wire Z-pinch experiments with high current pulses ͑Ͼ100 kA/100 ns͒, axial striations and radial jets were observed from the individual wire. 7, [13] [14] [15] [16] The difference in these axial perturbations is that they grow violently, most pronounced during the current rise. They have mostly been attributed to the mϭ0 ͑sausage-like͒ instability or to the thermal instability, both in simulations and in speculations on their appearance. Moreover, unlike the caterpillar structures shown in this letter, these striations almost always develop rapidly, originating from the immediate vicinity of the metallic wire, and extending to the core. The initial condition of the wire is therefore of prime importance. In previous experiments with lower current pulses, [9] [10] [11] [12] with parameters similar to our experiments ͑ϳ1.5 kA/500 ns͒, axial structures with very fine scales were observed, extending to the wire core. In contrast, the caterpillar structures observed in our experiments always start late in the current pulse and develop from the plasma edge, and they do not seem to fit into previous observations. We interpret their occurrence in terms of Rayleigh-Taylor ͑R-T͒ instability. Our analysis is qualitative, and is guided by the experimental data.
The single-wire Z-pinch experimental configuration is depicted in Fig. 1͑a͒ . A bank of six capacitors ͑2.5 nF each͒ is charged to 17.5 kV, then discharged by a triggered spark-gap switch through a metal wire ͑typically 25 m Al͒ inside a turbomolecular-pumped vacuum chamber (ϳ10 Ϫ5 -10 Ϫ6 Torr). Voltage and current are monitored at the points shown in Fig. 1͑a͒ . Optical diagnostics are shown schematically in Fig. 1͑b͒ . Resonance-absorption photography of the wire plasma dynamics is performed utilizing either the 20 ns pulse from a XeCl laser ͑308 nm͒ or a XeClpumped dye laser. The 308 nm excimer laser line overlaps the 308 nm absorption line of aluminum neutral atoms. The spatial resolution of the system is 13 m. Photos are taken with fast film and digitized. By adjusting the delay time of the laser relative to the current in the wire-plasma discharges, the temporal evolution of the plasma dynamics is investigated. The sensitivity range of resonance absorption diagnostics is approximately 10 13 cm Ϫ2 line density ͑for Al͒, 17 orders of magnitude more sensitive than the diagnostics used in previous Z-pinch experiments. Presumably, it is this greatly improved sensitivity that allows the velocity measurements at the plasma edge, eventually leading to the interpretation of the caterpillar structures given in this letter.
The voltage and current measurements for the discharge of a 25-m-diameter Al wire are presented in Fig. 2 measurements ͑to be reported in a separate article͒ show that these impurities emit strong plasma line radiation ͑C II͒ before significant metal ͑Al͒ plasma emission is observed. The voltage and current traces show a discontinuity at about 60 ns; after this time, the resultant plasma discharge becomes primarily inductive, as shown by the 90°phase lag between voltage and current. The current reaches its peak at about 250 ns, ͑zero crossing of voltage͒. The current reverses sign at 500 ns ͑voltage maximum͒. Figure 3 shows a sequence of 308 nm excimer laser absorption photographs as a function of time during the wire plasma discharge. It can be seen that the diameter of the dense aluminum plasma core expands rapidly with time as the current increases, until 260 ns. In the region of falling current after the peak ͑360 ns photo͒, the core expansion slows down, and irregularities begin to be seeded along the length of the plasma boundary. Outside the opaque core region, one observes a corona sheath ͑starting at 360 ns͒ with the evolving instability showing radial fingers. After 360 ns, the core boundary begins to lose its integrity, as shown by the density striations, which become more visible and assume the caterpillar structure between 460 and 600 ns. A sharp edge ͑at 460 ns͒ is presumably a limb-darkened feature due to chordal attenuation through the edge of an expanding cylindrical corona. A plot of the measured density striations' inner and outer radii versus time is shown in Fig. 4͑a͒ ; definitions of these radii are shown in Fig. 4͑b͒ . Also shown in Fig. 4͑a͒ is the mean radius, which we take to be the boundary of the unperturbed plume front. Note that the plume front's expansion velocity decreases beyond 300 ns. The caterpillar structures show up only during the later time, after the current reaches its peak value. They show up for wires of different materials and sizes. Their ubiquity and progressive growth suggest that they are caused by a hydromagnetic instability. Among the well-known hydromagnetic instabilities, the mϭ0 sausage mode driven by the current is ruled out because the growth does not occur at the peak current, nor during the current's rise time. Figure 3 shows no evidence of the mϭ1 kink mode. Kelvin-Helmholtz instability is unlikely either because of the apparent lack of multivelocity streams at the interface. This leaves the R-T instability.
We argue, subsequently, that the R-T instability qualitatively matches the observed evolution of the caterpillar structures. During the rise time of the current, one envisions that the metallic plasma plume front is accelerated radially outward by the resistive energy deposition. In this phase, the direction of acceleration, in the lab frame, is from the heavy fluid ͑metallic plasma͒ into a light fluid ͑vacuum, or lowdensity plasma͒ and the interface is R-T stable. After the current reaches its peak value, the metallic plasma plume slows down. Thus, the direction of acceleration in this latter phase, in the lab frame, is from the light fluid ͑vacuum, or low-density plasma͒ to the heavy fluid ͑metallic plasma͒ and the interface becomes R-T unstable.
Referring to Fig. 4͑a͒ , we then interpret the progressive separation between the outer and inner diameter ͑i.e., the growing caterpillar ''legs''͒ simply as the R-T growth of the unstable boundary ripple of the slowing-down plasma plume front. Lacking experimental evidence to the contrary, we postulate that the observed axial wavelength (ϭ2/k m ), on the order of 0.00025 m from the density striations in Fig.  3 , corresponds to the axial wavenumber (k m ) that yields the fastest growth rate (␥ m ) in the R-T instability. To show that this interpretation is consistent with the caterpillar growth, let us write, upon using the scaling for the R-T instability,
where g is the acceleration of the interface, which is taken to be positive if the acceleration ͑in the lab frame͒ is from the lighter fluid to the heavy fluid, and p is a constant. The value of p is on the order of, but less than, unity; we take pϭ0.75 using the following arguments. It is easy to show that a dispersion relation of the form ␥ 2 ϭgkϪAk ␤ yields the maximum growth rate ␥ϭ␥ m at kϭk m given by Eq. ͑1͒. The values of p are 0.707, 0.816, and 0.866, respectively, for ␤ϭ2, 3, and 4, regardless of the value of the constant A (AϾ0). Note that this range of p is rather narrow, and that ␤ϭ2,3,4 may represent stabilizing mechanisms due, respectively, to thermal effects, surface tension, and viscosity. Thus, p is expected to be on the order of, but less than, unity, regardless of the stabilizing mechanism. We remark that even with the ''fire-polishing'' effect, the dispersion relation ␥ϭ(gk)
Ϫk A would yield the maximum growth rate given by Eq. ͑1͒ with pϭ0.5, regardless of A (Ͼ0), which is the velocity measuring the ablation rate. 18 We estimate gϭ5.7ϫ10 9 m/s 2 , by comparing the deceleration of the plume front velocity from 300 to 600 ns ͓Fig. 4͑a͔͒. With ϭ0.000 25 m, we have k m ϭ2/ϭ2.5 ϫ10 4 m Ϫ1 . Using these values of p, g, and k m in Eq. ͑1͒, we obtain ␥ m ϭ0.9ϫ10 7 s Ϫ1 . Thus, in 300 ns, the amplitude of the R-T instability increases by a factor of e 2.7 ϭ15, which is on the order of magnitude of the growth in the caterpillar size from 300 to 600 ns, as shown in Fig. 4͑a͒ . Note that this represents a mild R-T growth.
We may even estimate the initial boundary perturbation (s in ) that seeds the R-T growth. Roughly, the boundary perturbation ͓s(t)͔ at time t is related to the initial perturbation ͑at time t in ) by s(t)Ϸs in exp͓␥ m (tϪt in )͔. From Fig. 4͑b͒ , we take tϭ560 ns, at which sϭ470 m ͑ϭ separation between the outer and mean radius͒. Assuming that R-T instability begins at t in ϭ260 ns ͑Fig. 2͒, and using ␥ m ϭ0.9ϫ10 7 s Ϫ1 , we then obtain the initial perturbation at the onset of the R-T instability to be s in ϭ31 m, which is on the order of, but larger than, the initial wire diameter.
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